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We propose a dielectric-based, multistaged, laser-driven electron linear accelerator structure
operating in a vacuum that is capable of accelerating electrons to 1 TeV in 1 km. Our study shows
that a GeV/m gradient is achievable using two 100 fs focused crossed-laser beams, repeated every
300 um, operated at a peak power of 0.2 GW and an energy density of less than?ad/dtre
accelerator structure. @996 American Institute of PhysidS0003-695(96)00406-4

In a conventional S-band rf accelerator, field emission orvide a secondary reflection and direct the two laser beams
the copper wall occurs when the peak acceleration gradieninto the center of the microstage. The back-reflection scheme
reaches~100 MeV/m! The average acceleration gradient allows the coupling point§abeled A and A) on the prisms
for a rf accelerator is thus limited to about 50 MeV/m. To to be away from the axis so that the laser beam clipping at
reach the TeV energy region desired for the next linear colthe prism edges can be minimized. Beam clipping at the
lider using presently existing rf schemes requires tens of kiprism determines the geometrical beam coupling condition
lometers of accelerator structure. given by

The laser accelerator gradient, like the rf accelerator gra-
dient, is limited by damage. Dielectric materials, which are

commonly used for optical components, have a damage fluynere| is half of the interaction length measured from the
ence an order of magnitude higher than coppiércan be  focal point, andw is the Gaussian beam electric field beam
shown that the surface damage threshold field on a dielectrigdius atA and A’. For a small angle, a minimum prism
is ~10 GV/m for 100 fs pulse lasefsA laser accelerator width (in z) of 2w is required for coupling=90% of the laser
structure using dielectric boundaries is therefore an appeagower into the structure. Thus, the minimum drift space per
ing scheme for achieving GeV/m gradients and for buildingmicrostage, where no laser fields exist, is approximately 2
future TeV electron accelerators at existing laboratory sitesThe proposed structure can be constany iwhich allows

In this letter, we propose a crossed-laser-beam acceleraylindrical focusing if necessary.
tor structure and evaluate its feasibility with current laser
technology. Similar schemes were discussed in several
papers~® but no accelerator structure was presented. In cal- X! ix

3l X o>w, (@]

culating the GeV/m gradient, we take into account several

practical considerations such as laser damage, the drift space
occupied by optical components, and the geometrical limita- " T S~ N~
tion for coupling laser beams into the structure. electron o— S

The Lawson—WoodwardLW) theoreni® rules out the
possibility of a net energy gain for a relativistic electron
interacting linearly with electromagnetic waves in an un-
bounded vacuum. In the following, the proposed accelerator
structure consists of repetitive dielectric boundaries over a
distance no greater thanmphase slip between the laser field
and the electron in a vacuum.

Figure ¥a) shows the proposed crossed-laser-beam ac-
celerator geometry, wherein an electron traverses the focal - y
zone at an angl® with respect to the two laser beams. The T e [
insert in Fig. 1a) defines the coordinates used in this letter. 7 7
The two laser beams are derived from a single laser source, TAR T
carry equal power, and are phased such that oz thés the
transverse fieldgin x andy) cancel, and the longitudinal
fields (in z) add.

. Figure 1b) ShOWS a smg!e Stage of the proposed dIeIeC'FIG. 1. (a) The schematic for a crossed-laser-beam accelerator. The electron
tric accelerator optical configuration. Two laser beams araverses the focal zone at an angleith respect to each of the two beams.
back-reflected from thetx directions into themicrostage The two laser beams are phased so that the longitudinal fields add and the

using two prisms. The total internal reflecti¢filR) inside  transverse fields cancelb) The back-reflection scheme for a single mi-
crostage. This scheme avoids clipping the laser beam at the coupling prisms

the prisms permits the_ use of an_tireﬂeCt@‘R) Coati_ngs for when 6 is small. The drift space occupied by optical components for each
beam coupling. Two high-reflectivity coated flat mirrors pro- microstage is approximately two laser spot sizes 2

laser beam
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A linearly polarized fundamental Gaussian beam can be 15

described by a vector potential polarizedxinwith Gaussian _ 8= 100 mrad
profiles in thex’ andy’.® The two electric field components £l /g =70 mrad
which are important to the on-axis electrons &g and S |/ N
E, . With the appropriate coordinate transformation, the 5
electrical field seen by an on-axis electron, summed from §D°‘
E,, andE,, of the two crossed laser beams, is %
nP sin 6 5
E=—4N 1+27%/z2X cos 6 O
™ Wo(1+2z%/z; X cos™ 0) 0 50 100 150 200 250 300 350 400

. 21 : interaction length per stage (Lm)
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xXex

- 2 . . ) )
1+22/Zr X cog 6 FIG. 2. Average acceleration gradient vs acceleration length for various

crossing angles. Gradients approaching 1 GeV/m are predicted. The solid
X Coq ppt+ Pyt by, (2 lines satisfy the geometric constraint of Ed).
where 7 is the wave impedance in vacuui,is the laser
power, w, is the laser waist sizez, = ww3/\ is the optical ~age threshold intensity is abola,= 20 TW/C”?_- atadam-
Ray|e|gh |ength, andﬁpv(ﬁg-(ybr are the p|ane wave phase, age threshold ﬂuené&)f ~2 J/CI’T? The male!Jm -laser
Guoy phase term, and radial phase, respectively. For a rel®0ower Pnay at the damage threshold intenslty,, is given
tivistic electron with an energy and a small crossing angle BY Pmac= maiV> /2.

6<1, the three phase terms are In practice, the critical parameter is not the maximum
energy gain per microstage but the average acceleration gra-
bp=wt—kz cOS O~ k_z( 92— iz) 3) dient. We define the average acceleration gradient as the en-
2 Y ergy gain per stagAW, divided by the repeat length of an
_ accelerator stagd, ,=2l+2w. SubstitutingP into (6)
=2X 1 T ” max )
$g=2X1tan (2/z,), “ and dividing (6) by L, , one has the average acceleration
and gradient under the laser damage constraint given by
(2/z,) X (26/w)? AW
b= (5) G=1— : @
1+2%7 Ap=1 w22

The small angle assumptiod<1, is necessary for achieving |, gq (7), the variables are the interaction lengthtde laser

phase coherence over a distance much longer than an opticglst radiusw,, the crossing anglé, and the optical wave-

wavelength. However, for highly relativistic electrons with length\. We assume the wavelength=1 um for the rest of
1/y*< ¢?, the plane wave phase shift can be simplified to bey,, carculations.

— 2 - - . .
¢p~kz6%/2. Atypical Gaussian field carries a Guoy phalse, Figure 2 shows the average acceleration gradient versus

71 . . . _ _
tan (Z/z), which gives am shift from z=—o t0 z=%. 5 interaction length per stagd, Zor wy=20 um and
However, in Eq(4) an additional Guoy phase is contributed 4_100, 70, and 40 mrad. When the interaction length equals

from summingE,, and E, . The sum of the plane Wave zero, the average gradient is reduced to zero instead of con-
phase and radial phase termsdig+ ¢, =[zXz(8/Wo)/1  \erging to the electric field strength at the focal point, be-
+_(Z/Zr)2]' which has the same sign as the Guoy phase termy5,5e 5 finite drift distance ofw2per stage is taken into
Since the Guoy phase termx2an 2z), produces am  gccount in Eq(7). The solid curves satisfy the geometrical
phasg shift from_— Z, _to +z, ; net acceleration is possible constraint in Eq(1). For /=100 and 70 mrad, average gra-
only if the laser field is terminated far<|z|. , dients approaching 1 GeV/m are predicted. In the same plot
For an on-axis electron, the energy gain frethto +1is 5 gmajler angleg=40 mrad, gives a maximum average gra-
the integration of the longitudinal electric field over the dis- §ient of ~0.65 GeV/m. Note that fof=40 mrad the accel-
tance: eration gradient is less sensitive to the interaction length,
[ which can be as long as300 um. A larger structure size
AW= f IEz dz (6) eases the fabrication process, reduces the radiation loss, al-
- lows a larger electron channel, and opens the fabrication tol-
By careful evaluation, it can be shown that the maximumerance. Thus, we evaluated te=0.7 GeV/m contours on
energy gain for an on-axis electron AW {(MeV) the # andw, space for different interaction lengths subject to
=30yP(TW), with a crossing anglé=1.37<Xwg/z, and an  the geometric constraint of E€l) and the damage fluence of
interaction length P=0.92,, corresponding to ar phase 2 J/cnt for a 100 fs laser drive. We find that the optimum
shift in the accelerator stage. However, the laser power iparameters are , =334 um, wo=17 um, and #=42 mrad.
limited by the laser-induced damage on optical component®n the 0.7 GeV/m contours, a larger or a smaligrgives a
and by the geometric coupling condition in E@). larger 6 or a shorter structure size. In our computer simula-
The optical damage fluence and thus the acceleratiotion, electron energy spread increases with the increage of
gradient depends on the laser pulse length such that a shattie to the spatial variation of the laser fields.
laser pulse is desirable for obtaining a high acceleration Figure 3 shows the schematic of a multistage accelerator
gradient For example, with a 100 fs pulse length, the dam-that can be integrated on a silicon wafer by using the low-
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channel for a few microns can be opened for transmitting the
334 02GW electrons. For GeV electron beams, it has been demonstrated
K__>|um 100 fsec pulse ;
p that the transverse beam size can be as small as 7% nm.
Precise phase locking of individual lasers is necessary
for multimacrostage acceleration. Locking the phase between

phase controller

b two cw solid-state lasers has been demonstrated in thépast.
The principle of a mode-locked laser is essentially the same
as that of a cw laser except that there is a fixed phase rela-
group delay,

tionship among the longitudinal modes in a mode-locked la-
ser. We believe locking the phase between two mode-locked
lasers is achievable without undue difficulty.

Future work includes the study of beam loading, radia-
FIG. 3. A multistage accelerator that can be integrated on a silicon wafepon loss, wake field issues, and mUItIStage pamCIe simula-
using lithographic technology. The phase of laser fields is controlled byt|0n5-
electro-optic phase controllers and the group velocity delay is controlled
with slabs of dielectric.

lenses

1E. Tanabe, Appl. Surf. ScZ6, 16 (1994.
cost, high-precision lithographic technology. The phase of’D. Zheng and R. L. Byer in Proceedings of the 6th Workshop on Ad-

the laser fields is controlled by electro-optic phase control-,Vanced Accelerator Concepts, Fontana, Wl, June 12-18, 1994.

| d th locity del . trolled with slabs of B. C. Stuart, M. D. Feit, A. M. Rubenchik, B. W. Shore, and M. D. Perry,
ers an € group velocity aelay Is controllea with slabs o Phys. Rev. Lett74, 2248(1995.

dielectric. If necessary, microactuators or micromotors can‘T. Hauser, W. Scheid, and H. Hora, Phys. Lettl26, 189 (1994.

be integrated into the same wafer in a batch process. Th%C- M. Haaland, Opt. Commuri.14, 280 (1995.

dimensions are consistent with the optimum parameters E’éhi‘gang'e’ E. Esarey, J. Krall, and A. Ting, Opt. Comnitmbe pub-
found on the 0.7 GeV/m average gradient contours. Optical j b | awson, IEEE Trans. Nucl. S#IS-26 4217(1979.
components occupy-10% of the length in the electron ac- 8p. M. Woodward, J. IED3, 1554 (1947.

celeration direction. In Fig. 3, we assume that a plane an(l:.-ZL- W. Davis, Phys. Rev. A9, 1177(1979.

is incident on each focusing lens and thus a nominal 7113' E g:gg:“gﬂtss%z(;’g'z\/(al'g‘pCA 1986), p. 683.
mmx34 um elliptical beam profile from a single laser 121 pay . K. Gustafson, and R. L. Byer, IEEE J. Quantum Electron.

source may drive 20 microstages simultaneously. A dielectric QE-18, 1106(1992.

Appl. Phys. Lett., Vol. 68, No. 6, 5 February 1996 Huang et al. 755
Downloaded-05-Aug-2005-t0-171.64.87.117.-Redistribution-subject-to-AlP=license-or-copyright,~see-http://apl.aip.org/apl/copyright.jsp



